Previous reports suggest that in some plant species the refilling of embolized xylem vessels can occur while negative pressure exists in the xylem. The aim of this experiment was to use non-destructive nuclear magnetic resonance imaging (MRI) to study the dynamics of xylem cavitation and embolism repair in-vivo . Serial 1 H-MRI was used to monitor the contents of xylem vessels in stems of two dicotyledonous ( Actinidia deliciosa and Actinidia chinensis , kiwifruit) and one monocotyledonous ( Ripogonum scandens , supplejack) species of woody liana. The configuration of the horizontal wide bore magnet and probe allowed the imaging of woody stems up to 20mm in diameter. Tests using excised stems confirmed that the image resolution of 78 m m m m m and digital image subtraction could be used to detect the emptying and refilling of individual vessels. Imaging was conducted on both intact plants and excised shoots connected to a water supply. In the case of Ripogonum the excised shoots were long enough to allow the distal end of the shoot, including all leaves, to be exposed to ambient conditions outside the building while the proximal end was inside the MRI magnet. In total, six stems were monitored for 240h while the shoots were subjected to treatments that included light and dark periods, water stress followed by re-watering, and the covering of all leaves to prevent transpiration. The sudden emptying of water-filled vessels occurred frequently while xylem water potential was low (below ----0.5MPa for Actinidia , ----1.0MPa for Ripogonum ), and less frequently after xylem water potential approached zero at the end of water-stress treatments. No refilling of empty vessels was observed at any time in any of the species examined. It is concluded that embolism repair under negative pressure does not occur in the species examined here. Embolism repair may be more likely in species with narrower xylem vessels, but further experiments are required with other species before it can be concluded that repair during transpiration is a widespread phenomenon.
INTRODUCTION
Much recent attention has been focused on the possible occurrence of daily variation in the proportion of embolized vessels in living, transpiring plants (e.g. Salleo & Logullo 1989; Grace 1993; Canny 1997; Zwieniecki & Holbrook 1998; Holbrook & Zwieniecki 1999; Melcher et al . 2001) . Cavitation and the subsequent formation of emboli in xylem conduits was previously thought to be irreversible, or reversible only over long time scales and when pressure in the xylem was close to or above atmospheric pressure (Sperry et al . 1994; Magnani & Borghetti 1995; Sperry 1995) . Recent studies using a variety of direct and indirect techniques, described below, have provided compelling evidence that in some species embolized vessels can refill in minutes or hours, and that refilling may occur during transpiration while the sap in neighbouring vessels is under significant tension. If the existence of a mechanism for the refilling of embolized vessels under tension can be demonstrated it will have important consequences for our understanding of long-distance transport and water use by plants (Holbrook & Zwieniecki 1999; Tyree et al . 1999) . However, because of the difficulty of accessing the xylem without disrupting its contents, few reports have provided unequivocal evidence of refilling under tension in intact plants. Nuclear magnetic resonance imaging (MRI) is one method that provides the opportunity to non-destructively image the contents of xylem vessels in vivo (Callaghan, Clark, & Forde 1994; Holbrook et al . 2001) . In this study we use MRI to non-destructively monitor changes in the contents of individual xylem vessels in three species of woody liana.
What evidence is there for refilling under tension? Indirect methods are commonly used for estimating the proportion of embolized xylem conduits. These include measurement of variation in hydraulic conductivity (Salleo et al . 1996; Tyree et al . 1999; Zwieniecki et al . 2000; Melcher et al . 2001) , measuring the volume of gas bubbles in sap aspirated from the xylem (Pate & Canny 1999) , and recording the proportion of stained vessel walls after stems are excised and supplied with dye (Salleo & Logullo 1989; Zwieniecki & Holbrook 1998) . In some examples refilling conforms with physical laws governing the dissolution of gas from bubbles within the xylem when tension is very low (Borghetti et al . 1991; Sobrado, Grace, & Jarvis 1992) . In other cases apparent increases in the proportion of water-filled conduits have been observed at xylem tensions much higher than those that would allow an explanation by any conventional theories concerning xylem water transport (e.g. Salleo & Logullo 1989) . In most examples measurements are destructive, within-treatment variability is high, and there are sometimes other possible explanations for the observed variation in hydraulic conductivity, such as changes in sap ion concentration or variation in sap viscosity with temperature (Cochard et al . 2000b; Zwieniecki, Melcher, & Holbrook 2001) . Refilling may also be observed in experiments that make use of excised and dehydrated shoots that are then bagged, thus preventing further evaporation and normal transpirational flow (Salleo et al . 1996; Tyree et al . 1999) .
In addition to indirect measurements there are also two methods for directly observing the contents of xylem conduits -cryo-scanning electron microscopy (cryo-SEM) and MRI. Canny and others have provided numerous examples of daily cycles of vessels emptying and refilling by rapidly freezing stems and roots of transpiring plants using liquid N 2 and imaging the xylem using the SEM (Canny 1997; Buchard, McCully, & Canny 1999; Melcher et al . 2001; Facette et al . 2001 ). However, this method is destructive and has been strongly criticized over the possibility that the emptying of vessels may be an artifact caused by freezing of xylem under tension (McCully et al . 2000; Cochard et al . 2000a; Canny, McCully, & Huang 2001; Richter 2001) . While debate over the validity of the cryo-SEM method continues, MRI provides a non-destructive alternative, allowing the serial imaging of xylem in intact, transpiring plants. MRI has recently been used to measure bulk flow velocities in plant vascular tissue (Kockenberger et al . 1997; Rokitta et al . 1999; Wistuba et al . 2000; Scheenen et al . 2002) , and to study the refilling kinetics of resurrection plants . In the first attempt to observe the refilling of individual vessels in a transpiring woody plant, Holbrook et al . (2001) observed embolism formation and refilling in a Vitis stem using MRI. Refilling was observed only after the lights were switched off and measured xylem tension had approached zero. While no root exudation could be detected, the authors were unable to eliminate the possibility that refilling was the result of positive root pressure. Their results clearly demonstrate the potential value of MRI for advancing our understanding of embolism formation and repair. While there are some drawbacks, including high operating costs and the difficulty of obtaining sufficient image resolution to observe individual vessels, there is now an urgent need for further work using MRI to determine what conditions are required for refilling of embolized vessels . In particular, whether embolism repair occurs while significant tension exists in the xylem.
The aim of this study was to examine the dynamics of embolism formation and repair using MRI. The configuration of the MRI system meant that the in-plane image resolution was lower than that of Holbrook et al . (2001) (78 versus 20 m m), but the diameter of stems that could be imaged was larger (20 versus 6mm). The associated higher total leaf area of the plants also meant that xylem pressure potential could be measured more frequently using excised leaves and a pressure chamber without significantly altering the overall water balance of the plant. Given the lower image resolution we first needed to confirm that this configuration could resolve the contents of individual vessels, and we tested the use of digital image subtraction to detect changes in vessel contents within an image plane that included large numbers of water-and gas-filled vessels. The system was then used to image vessel contents in stems of intact and excised shoots subjected to a variety of treatments. The species used were selected for large vessel diameter (>100 m m), for a liana growth habit, and for contrasting monocotyledon and dicotyledon xylem anatomy. Actinidia deliciosa (A. Chev.) C.F. Liang et A.R. Ferguson var. deliciosa 'Hayward' and Actinidia chinensis Planch. var . chinensis 'Hort16A' (Actinidiaceae; green-and yellow-fleshed kiwifruit, respectively) are dicotyledonous, deciduous and have diffuse-porous or semi-ring porous secondary xylem anatomy with numerous vessels embedded in a matrix of fibre-tracheids and multiseriate rays (Ferguson 1990; Condon 1992; Dichio et al . 1999 ; Fig.1 ). Ripogonum scandens Forst. (Smilacaceae; supplejack, kareao), in contrast, is a monocotyledon with subterranean branching rhizomes and indeterminate, cataphyll-bearing, woody climbing stems up to 20mm in diameter and 20m or more in length. Vascular bundles are scattered, smaller at the periphery of the stem than in the centre, and usually contain two large collateral meta-xylem elements (Simpson & Philipson 1969; Macmillan 1972;  Fig.1 ). Collenchyma sheaths associated with the bundles and confluent around the periphery make the stems extremely durable and flexible (Macmillan 1972) . Ripogonum is an unusual and distinctive feature of native New Zealand forest where its abundant, intertwining climbing stems often make travel on foot difficult.
METHODS

Plant material
Two grafted plants of A. deliciosa and one rooted cutting of A. chinensis were grown in the ground for 3 years in a 0.39ha block of vines at the HortResearch Te Puke Research Orchard near Te Puke, New Zealand. The rootstocks of the two A. deliciosa plants were grown from seedlings of open pollinated A. deliciosa var. deliciosa 'Bruno', in keeping with normal commercial practice. All three vines were grown inside 0.08m 3 polyester geo-textile fabric rootcontrol bags (Ronabee Tree Farms, Victoria, Australia) as part of an earlier experiment. By digging around and under the root bags it was possible to remove entire plants from the ground with minimal disturbance to the roots. The shoots were trained onto a pergola structure 1.9m high with a permanent central leader and 1-year-old fruiting laterals. Immature fruit were present at the time of measurements. Individuals were selected for the presence of 1-year-old shoots that were longer than the bore of the MRI magnet (1.2m) and the remainder of the crown was pruned to a manageable size 2 weeks prior to lifting from the ground in November 2001. They were then supported and transferred to a nursery near the MRI facility at Massey University, Palmerston North. The plants were kept well watered and fertilized in the nursery until they were used for MRI imaging in December 2001 or January 2002.
Ripogonum can be found growing in forests throughout New Zealand but adult plants are difficult to remove whole without causing damage to the roots and subsequent wilting. Instead, on the day that MRI imaging was to start, whole shoots were cut from wild plants at ground level before dawn, immediately re-cut underwater, then connected to a supply of deionized water via latex tubing. The shoots had stems at least 15mm in diameter and 10m long, and were selected if they could be easily removed from supporting vegetation without damage. They were then coiled and transported by car to the MRI facility. In total, two shoots were collected from regenerating forest on private property near the Te Puke Research Orchard and one shoot from forest near the Massey University campus.
For two imaging sessions the stems of one plant each of A. deliciosa and A. chinensis were imaged in vivo with the entire plant transported to the MRI facility and positioned with a 1-year-old shoot inserted through the bore of the magnet. Leaves on laterals at the distal end of the shoot were clear of the bore so that transpirational flow occurred through the stem inside the bore of the magnet and through the imaging plane. The remainder of the plant crown with the majority of leaves was supported at the proximal end of the bore. Banks of 500W tungsten-halogen floodlamps and 100W halogen spotlights were positioned to light the foliage on both sides of the magnet, with natural lighting also provided through skylights in the roof. With the lighting switched on the irradiance measured at the leaf surface using a quantum sensor (Licor Inc, Lincoln, NE, USA) varied between 100 and 200 m mol -2 s -1
. For a third imaging sequence a 1-year-old shoot was cut from a well-watered A. deliciosa plant at midnight in the nursery, re-cut under water and connected to a water supply using latex tubing. This shoot was then inserted through the magnet without disconnecting the water supply and the foliage at the distal end lit as described above.
Three additional imaging sequences were conducted using excised Ripogonum shoots. The length of these vines meant that the proximal end of the main stem could be inserted through the bore of the magnet while the distal end was positioned across the floor of the MRI suite and out through the external door, a distance of approximately 5m. All of the lateral branches and leaves were therefore outside and exposed to ambient light, temperature and humidity. The orientation of the building meant that during the day the leaves were exposed to direct sunlight for at least 8h per day.
Magnetic resonance imaging
The theory and application of NMR techniques to biological systems is well covered in the literature. The publications by Ishida, Koizumi & Kano (2000) and Gadian (1995) , in particular, provide useful background for those unfamiliar with these approaches. Serial 1 H-MRI (200MHz) was performed in a 4.7Tesla horizontal wide-bore (89mm diameter) cryomagnet (Oxford Instruments, Oxford, UK) using custom-designed hardware and software. The 40mm birdcage coil, for example, was a split design. This meant both halves of the coil could be separated, and then rejoined as a collar around the stem, without having to damage the fragile vegetative tissues by forcing them through a narrow orifice. Transverse images of the stem were acquired sequentially during the course of experiment using a Hahn spin-echo pulse sequence with a repetition time ( T R ) of 2000ms, echo time ( T E ) of 26ms, bandwidth of 10kHz, and n = 2 acquisitions per slice. Images were acquired as 256 ¥ 256 pixel data arrays with a field-of-view of 20mm (inplane resolution = 78 m m) and a slice thickness of 2mm. Once the imaging parameters (and others such as the gain) were set, they were fixed for the remainder of a study to facilitate comparison of image contrast from one time to the next. Each image required 17min scanning time and they were usually acquired at hourly or half-hourly intervals throughout an experiment.
Images were analysed with the public-domain software packages NIH IMAGE (ver. 1.61) and IMAGEJ (ver. 1.27) (National Institutes of Health, Washington, DC, USA). This involved subtracting each image from its predecessor using image math tools and looking for black spots indicative of a high contrast signal change. As a test, transverse images were acquired for excised segments of Actinida and Ripogonum stems that had first been connected to tubing and perfused with water. Further images were acquired after air at a slight positive pressure had been supplied through the tubing without moving the stem from inside the magnet, thus aspirating some of the vessels. In the figures presented, a small high-contrast (white) circular feature is also observed. This is a glass tube containing 200m M MnSO 4 (referred to as a phantom) that was attached to the stem to intersect the image plane. The intensity of this feature was used as an internal standard to normalize image intensity and remove any instrument drift during a run.
Treatments and measurements
For the two whole Actinidia plants, water was withheld in the nursery for 3d before a plant was used for an imaging session. Imaging began in the mid-afternoon and continued for at least 20h and through one dark period before the root bag was re-watered to saturation. Imaging continued for a further two day/night periods (48h), during which a variety of additional treatments were tested for effects on the dynamics of embolism formation or repair. These included misting with water and covering all of the leaves with large plastic bags to prevent transpiration, addition of 800g of pre-dissolved complete fertilizer (Nitrophoska 16-15-16.6; BASF New Zealand, Auckland, New Zealand) to the root bag, and near the end of the imaging run, partial and complete cutting of the stem at a position proximal to the imaging plane. With one plant a lateral proximal to the imaging plane was cut near the end of the experiment, the stump connected to tubing and water supplied at a pressure of 140kPa for an hour. For the excised Actinidia shoot imaging began during the night immediately after excision and proceed for 30h. High transpiration rates were induced the following morning using the artificial lighting, reduced during darkness in the evening, then finally brought to zero by misting and enclosing all of the leaves in a plastic bag.
Experiments with the three Ripogonum shoots lasted between 15 and 48h. Periods of elevated xylem tension were induced by disconnecting the water supply tubing underwater, covering the cut end in pre-soaked dialysis tubing (12kDa MW cut-off) and inserting the stem for up to 2.5h in a polyethylene glycol (PEG; 20000MW) solution made up to give a final osmotic potential of 0.5MPa (Edwards & Jarvis 1982) . Alternatively the stem was disconnected from the water supply and held in the air. In all cases the stem was then re-cut underwater, the cut end planed with a razor blade and then reconnected to the water supply tubing. At the end of one experiment the cut end was connected to tubing and water supplied at a pressure of 200kPa for 1h. Periodically during imaging a Scholander pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) was used to measure xylem water potential with leaves that had earlier been covered with aluminium foil to prevent transpiration (Meinzer, Clearwater, & Goldstein 2001) . Stomatal conductance ( g s ) was measured with a steady-state porometer (Licor 1600; Licor Inc.). With excised shoots (one A. deliciosa and the three Ripogonum shoots) a 1mL graduated pipette was fitted to a T-junction in the water supply tube and transpiration measured by temporarily diverting flow through the pipette and timing the movement of the meniscus. Periodic checks were made on the Actinidia plants for signs of root pressure, including checking the cut petiole surfaces for signs of exudation and the 'pricking' of the main stem near the soil surface using a hypodermic needle (an effective method for detecting root pressure in orchard-grown plants). At the end of all experiments all leaves were counted and a sub-sample of leaves taken for measurement of leaf area using a leaf area meter (Licor Inc.,). The imaged stem was removed from the RF coil and a portion of the stem from the region of the image plane fixed in formalin, acetic acid and alcohol. Transverse sections were cut by hand or a vibrating microtome, stained in toluidine blue and viewed with a light microscope.
RESULTS
Comparison of light and MRI micrographs confirmed that this MRI configuration could achieve sufficient resolution to resolve individual water-filled vessels (Fig.1) . The widest vessel members in all three species were up to 300 m m in diameter. In the two dicotyledonous Actinidia species water-filled vessels were visible as groups of whiter pixels within the secondary xylem (Fig.1a & b) . In the monocotyledonous Ripogonum the two largest metaxylem vessels within each vascular bundle were normally clearly visible (Fig.1c & d) . Aspiration of a water-filled piece of Actinidia stem while it was in place inside the MRI magnet confirmed that it was possible to resolve the change from water-filled to air-filled for individual vessels, and that image subtraction could be used to highlight the vessels that had emptied (Fig.2a-c) . Similarly, the refilling of previously embolized vessels was clearly observed after water was applied under pressure to the cut ends or a lateral branch of both Actinidia and Ripogonum stems (Fig.2d-f) . Vibration or unintentional movement of the stem between images (e.g. while removing leaves for pressure chamber measurements) sometimes prevented the use of image subtraction for a pair of images. However, 'stacking' and viewing animated sequences of images within the image analysis software also effectively highlighted any changes in vessel contents.
The sudden emptying of Actinidia vessels while plants were imaged in vivo was frequently observed and it is assumed that this emptying was the result of cavitation (images and data are shown only for the A. chinensis plant; Figs3 & 4) . Refilling of vessels in vivo was never observed. Between 9 and 43 vessels cavitated during imaging of each of the three Actinidia stems (Fig.4) . A higher number of vessels were already empty at the beginning of imaging (between 10 and 70%; Fig.3 ).
Vessel contents sometimes changed from high to intermediate and finally to low signal intensity over a sequence of three images (not shown), probably as a result of cavitation during acquisition of the second image. Overall signal intensity did sometimes change during imaging. However, signal intensity is susceptible to other processes that induce changes in the observed water content. Change in membrane permeability resulting from osmotic stress and temperature change, for example, influences relaxation properties and hence signal intensity in seedlings ( Van der Weerd et al . 2001 . No alternative investigations were pursued that might explain these observations, therefore only black and white differences in the contrast of vessel contents have been used in this study.
Cavitation was more frequent while xylem water potential was more negative, and decreased in frequency after the vines were re-watered, during dark periods, or when the leaves were misted and covered to prevent transpiration (Fig.4) . There was no clear pattern governing which vessels cavitated. Cavitated vessels were sometimes adjacent and sometimes widely distributed across the sapwood, and they appeared to belong to a range of diameter size classes. Addition of dissolved fertilizer to the root-bag of one plant had no apparent effect on the frequency of cavitation or xylem water potential, while partial or complete cutting of the stem 0.5m proximal to the image plane caused the sudden emptying of between 10 and 50 vessels.
Stomatal conductance of the Actinidia plants was difficult to measure reliably because of interference caused by the MRI magnet. A g s of 130mmolm
-2 s -1 was measured on one plant while it was water stressed in the nursery before it was transferred to the MRI suite. During imaging, the average g s was low (40mmolm
), reflecting the low light levels in the MRI suite compared to outdoors, and there was an increase in g s (to approximately 60mmolm -2 s -1 ) after the two intact plants were re-watered. Total leaf areas for the intact A. deliciosa and A. chinensis plants and the detached A. deliciosa shoot were 2.6, 3.1 and 0.5m 2 , respectively. No signs of root pressure were observed.
In contrast to the Actinidia stems, the majority of metaxylem vessels in the monocotyledonous Ripogonum stems were water-filled at the beginning of imaging ( Fig.5 ; images and data are shown for one stem only). Cavitation was observed only when xylem water potential decreased rapidly in response to the transfer of a cut stem to PEG solution (Figs5 & 6) . Cavitation occurred more frequently towards the centre of the stem and usually only involved one of the two collateral meta-xylem vessels in each vascular bundle (Fig.5 ). During these treatments stomatal conductance decreased rapidly from 47 to 16mmolm -2 s -1 and wilting of the leaves was observed after 1h, especially when the leaves were exposed to bright sun during the treatments. The more negative xylem water potential reflects the osmotic potential of the PEG solution and resistance to flow through the dialysis membrane and cut stem (Fig.6 ). After the stem was returned to the normal water supply cavitation ceased, transpiration and xylem water potential recovered quickly and the leaves regained turgor. During s -1 and xylem water potential approached zero (Fig.6 ). No refilling of Ripogonum vessels was observed at any time, regardless of whether a vessel was already empty at the beginning of imaging or whether it emptied during the PEG treatments. Total leaf area for the three Ripogonum shoots varied between 0.5 and 1.7m 2 .
DISCUSSION
Using this MRI system it was possible to image the contents of individual xylem vessels in woody stems up to 20mm in diameter. Serial images of xylem contents were obtained in vivo for intact Actinidia plants and for Ripogonum shoots with their leaves exposed to full sunlight under outdoor conditions. Changes in the contents of single xylem vessels within a matrix of large numbers of water-and gas-filled vessels were easily detected using digital image subtraction and stacking.
Whereas sudden emptying of water-filled xylem vessels was frequently observed in both the dicotyledonous Actinidia stems and the monocotyledonous Ripogonum, no refilling was observed at any time in any of the stems examined. Cavitation was more frequent when xylem tensions were high and less frequent when water stress was relieved. Although there is no previous information on the vulnerability of xylem to cavitation in these species, cavitation occurred more frequently and at lower xylem tensions in Actinidia than in Ripogonum. In contrast to the refilling observed in Vitis by Holbrook et al. (2001) , refilling did not occur even when xylem tensions fluctuated widely, when xylem tension was reduced to less than 0.1MPa, when plants were in darkness, or when transpiration was prevented by complete covering of the leaves. Refilling in the Vitis stem was observed only after leaf water potentials had risen above -0.25MPa, and root pressure cannot be excluded as a possible cause . It is possible that a very rapid refilling mechanism could refill vessels during the 17min required to acquire images in this study (Martin Canny; personal comm.) . However, if this occurred a series of images should show signal intensity for some vessels changing from high, to intermediate and then back to high. Within the limits of the imaging method used in this study, the only clear changes were from high to low. Therefore, using MRI we do not yet have clear evidence for embolism repair in transpiring plants while significant tension exists in the xylem.
Similarities can be drawn between Vitis, and Actinidia, although the two genera are taxonomically distinct. Both are deciduous, temperate, woody lianas, and both exhibit positive sap pressure in spring that (at least in Vitis) is thought to result in the refilling of embolized xylem vessels (Sperry et al. 1987) . Root pressure in Actinidia, when present, is normally easily detected prior to budburst as copious exudation from cut or wounded stems and roots (Ferguson, Eiseman, & Leonard 1983; Clark, Holland, & Smith 1986) . Spring xylem pressures up to 100kPa have been measured in A. deliciosa rootstocks (M Clearwater, unpublished results). Root pressure during summer when leaves are present may only be detected as exudation or guttation when evaporative demand is zero, usually on humid nights. At other times transpiration can continue at night (Green, McNaughton, & Clothier 1989) and no exudation is observed. Positive root pressure is less commonly observed in root-controlled and previously water-stressed Actinidia plants, as used in this study, and we were unable to detect any sign of root pressure during MRI measurements. The large number of embolized vessels present in the Actinidia stems at the beginning of imaging also indicates that these plants had not developed positive root pressure in the recent past. It is not known whether positive root pressure occurs in Ripogonum.
It is concluded that refilling of embolized xylem vessels while tension exists in conducting vessels is unlikely to occur in the species examined here. Spring and nocturnal root pressure may instead be an important mechanism for maintaining hydraulic capacity in A. deliciosa and A. chinensis, as has been hypothesized for some other liana species (Ewers, Cochard, & Tyree 1997; Fisher et al. 1997) . Ripogonum scandens may simply be less vulnerable to cavitation and more tolerant of drought stress. From these results we cannot exclude the possibility that refilling of embolized xylem vessels under tension occurs in other species. A mechanism for embolism repair requires the movement of water from neighbouring xylem parenchyma into the embolized conduit (Canny 1997; Holbrook & Zwieniecki 1999; Tyree et al. 1999) . Refilling may therefore be more likely in species with smaller-diameter xylem vessels or tracheids where the volume of water required to fill the lumen is smaller. Refilling may also be more likely in organs where the xylem is more closely associated with living parenchyma cells, such as petioles, herbaceous stems and in leaf veins. MRI is more difficult to apply in these situations, but more sophisticated imaging techniques can also be used to measure the amount of flowing and stationary water per pixel, even if image resolution is not sufficient to discriminate individual vessels (Scheenen et al. 2002) . Further studies of the dynamics of embolism formation and repair using MRI are needed to unambiguously demonstrate whether embolism repair under tension can occur and to determine what conditions are required for repair. Until this has been done we believe that it is not possible to conclude that embolism repair during transpiration is a widespread phenomenon.
